Hobbs, S.R., et al. Enhancing anaerobic digestion of food waste through biochemical methane potential assays at different substrate: inoculum ratios. Waste Management (2017) Food waste has a high energy potential that can be converted into useful energy in the form 23 of methane via anaerobic digestion. Biochemical Methane Potential assays (BMPs) were 24 conducted to quantify the impacts on methane production of different food waste 25 compositions. Anaerobic digester sludge (ADS) was used as the inoculum, and BMPs were 26 performed at food waste: inoculum ratios of 0.42, 1.42, and 3.0 g chemical oxygen demand/ 27 g volatile solids (VS). The 1.42 ratio had the highest CH4-COD recovery: 90% of the initial 28 total chemical oxygen demand (TCOD) was from food waste, followed by ratios 0.42 and 29 3.0 at 69% and 57%, respectively. Addition of food waste above 0.42 caused a lag time for 30 CH4 production that increased with higher ratios, which highlighted the negative impacts of 31 overloading with food waste. The Gompertz equation was able to represent the results 32 well, and it gave lag times of 0, 3.6 and 30 days and maximum methane productions of 370, 33 910, and 1950 mL for ratios 0.42, 1.42 and 3.0, respectively. While ratio 3.0 endured a long 34 2 lag phase and low VSS destruction, ratio 1.42 achieved satisfactory results for all 35 performance criteria. These results provide practical guidance on food-waste-to-inoculum 36 ratios that can lead to optimizing methanogenic yield. 37 3 Introduction 38
Introduction 38
Food waste is the largest contributor to municipal solid waste, comprising 21% of waste in 39 landfills in the U.S. in 2012 (U.S. EPA, 2014a). Landfilling food waste may result in 40 significant greenhouse gas emissions from landfills, since food waste accounts for 13% of 41 methane emissions in landfills (EPA, 2015) . The emission of greenhouse gases from food 42 waste has led some states, such as Massachusetts, to set limits on the amount of food waste 43 that can go to landfills (RecylingWorks Massachusetts, 2014) . A corollary drawback of 44 landfilling food waste is that its energy value is lost in proportion to the fugitive emissions 45 that contribute to greenhouse gases. 46 An alternative is to anaerobically digest the food wastes and collect the produced 47 methane. Traditionally, anaerobic digestion (AD) facilities handle organic solids from 48 municipal wastewater treatment plants and farms, and more than 180 anaerobic digester 49 facilities currently operate in the U.S. (EREF, 2015) . Some of these facilities recently began 50 adding food waste to the AD input. Food waste can be an excellent candidate for AD due to 51 its high energy and moisture contents (Cirne et al., 2007; Levis & Barlaz, 2011; Moriarty, 52 2013). The carbohydrate, protein, and lipid fractions of food waste can be fermented to 53 long-chain fatty acids (LCFAs) and volatile fatty acids (VFAs) that are then converted into 54 acetate and hydrogen gas, the substrates needed by methanogens. 55
Digesting food waste alone can inhibit methanogenesis. A high risk is that LCFAs 56 and VFAs are produced faster than they can be consumed. Unless the alkalinity is high, this 57 acid accumulation will cause a drop in pH that inactivates methanogens, which function 58 well only within a near-neutral pH range (Buyukkamaci & Filibeli, 2004) . The result is a 59 "pickled" digester that accumulates VFAs and H2, but has minimal chemical oxygen demand 60 (COD) stabilization to CH4. 61 A promising strategy is to co-digest food waste with municipal sludge ( at 7, CH4 production increased as the ratio of food waste to methanogenic inoculum 66 increased. However, artificially maintaining a constant pH may not be realistic, and no 67 studies have evaluated co-digestion of food waste without externally controlled pH. The 68 ratio of food waste to inoculum will affect the potential to accumulate VFAs, and it also will 69 affect the pH-buffering capacity. 70
The objective of this study was to assess methane production for a range of relevant 71 ratios of food waste to methanogenic biomass. We utilized batch Biochemical Methane 72 Potential (BMP) assays and tested three ratios of food-waste COD to VS of an inoculum of 73 anaerobic digester sludge (ADS). To provide proof of concept and identify food-waste-to-74 ADS-VS ratios that are promising for further analysis, we measured TCOD, SSCOD, TS, VS, 75 and pH at the start and end of BMP assays. Other parameters important to AD and 76 methane production were estimated via bicarbonate alkalinity calculations and the 77 Gompertz equation (Lay et al., 1996) for estimating lag times and maximum methane 78 production. Our results provide guidance on ratios needed to sustain good performance by 79 overcoming low-pH inhibition while maintaining good methanogenic yield. 80
81

Materials and Methods 82
Food waste recipe and anaerobic digested sludge 83
The food waste recipe was developed based on weekly food scrap collections at the 84 University of Missouri campus dining operations, as outlined in Costello et al. (2015) . The 85 ingredients for the food waste recipe were purchased from a local Wal-Mart food center. 86
The food waste was prepared by mixing the whole food scraps first by hand, followed by 87 grinding food scraps with 100 mL of water in a food processor (Black and Decker model 88 electron donor) were prepared for each ratio, and the methane produced by the controls 99 was subtracted from the total CH4 on a proportional basis to compute the methane 100 formation from the food waste alone at the end of the BMP assays. The negative controls 101 did not have any inhibition by low pH, but the food waste BMPs lowered pH and led to pH 102 inhibition at different stages during the BMP test. Thus, we could not do a control 103 subtraction until pH inhibition had been relieved, which occurred by the end of BMP tests 104 in all cases. Therefore, we eliminated the impacts of differential pH inhibition by 105 performing one-time subtraction of the gas production by the negative controls only at the 106 end of the test (day 70). Duplicate positive controls (i.e., ADS with 30 mM acetate as a 107 readily biodegradable electron donor) were set up to ensure that the inoculum was active 108 in methanogenesis and verify the COD conversion to CH4. 109
For each ratio of COD food waste to VS ADS, 120 mL of food waste plus ADS mixture 110 was added to 200-mL serum bottles along with 60 mL of DI water. All ratio bottles were 111 prepared in triplicate. Table 1 shows the volumes of each component used for each 112 experiment. All bottles were sparged with ultra-high-purity N2 for 10 minutes to ensure 113 anaerobic conditions. Each serum bottle was sealed with a butyl rubber septum and 114 crimped aluminum caps and placed in an incubated shaker table operated at 180 rpm and a 115 temperature of 37 ± 1°C. Experiments continued until the daily gas production was < 1% 116 of the cumulative gas production except for the 3 g COD FW/g VS condition, which is 117 Over a 70-day period, biogas production, i.e., changes in headspace volume at one 136 atmosphere, was measured with a gas-tight glass frictionless syringe (Perfektum, NY). CH4 137 and H2 contents were analyzed using a GC-2010 gas chromatograph (Shimadzu, Japan) 138 having a thermal conductivity detector (TCD) and Carboxen-1010 PLOT capillary column 139 (30 m, Sigma-Aldrich). The TCD was operated with an inlet temperature of 150°C, a 140 detector temperature of 220°C, and a current of 41 mA, and argon as carrier gas. Gas-141 composition analysis involved a temperature program that began at 80°C for 3 minutes and 142 was followed by an increase in temperature of 50°C every minute until 155°C is reached, 143 giving a total run time of 4.50 minutes. Methane and hydrogen gas volumes were 144 calculated by multiplying the measured gas composition by the total biogas volume. The Gompertz equation (Lay et al., 1996) often is used to fit batch methanogenic 189 data: 190
where Mp = observed cumulative methane production (mL), PM = ultimate methane 195 production (mL), RM = observed methane production rate (mL/day), xo = lag phase time 196 based on VFA accumulation and low pH likely occurred during the first 10-15 days, after 228 which the inhibition was overcome. The lag led to postponed methane production and, 229 consequently, complete stabilization (shown in Figure S6 ). Correspondingly, the VS:TS 230 ratio at the end of the batch BMP assays was the highest for the 3.0 ratio, which is another 231 sign of less complete stabilization compared to ratio 0.42 and 1.42. This kind of inhibition 232 has been seen previously when digesting food wastes: LCFA and VFAs are produced faster 233 than they can be consumed, and the acid accumulation causes a drop in pH that inactivates 234 methanogens, resulting in minimal chemical oxygen demand (COD) stabilization to CH4 235 (Buyukkamaci & Filibeli, 2004) . 236 Figure 1a illustrates cumulative CH4 production for the three ratios of food waste 240 and ADS. The BMP results for the 0.42 ratio had a minimal lag time, with rapid and highest 241 rate of methane production within the first 10 days, after which gas production slowed 242 significantly. The lack of a lag likely was due to the high amount of AD inoculum, which 243
provided relatively large concentrations of hydrolytic enzymes, fermenting bacteria, and 244 acetoclastic methanogens. The activity of acetoclastic methanogens in the inoculum was 245 confirmed by the immediate gas production in the positive control ( Figure S2 , Supporting 246 Information). 247
After a lag of about 8 days, the BMP for ratio 1.42 began producing CH4 gas, and the 248 production rate was greater that achieved in the first few days for ratio 0.42. This rapid 249 increase in CH4 production suggests that hydrolysis and fermentation had been occurring 250 over the first 10 days; thus, an increase in the activity of methanogen by day 10 allowed 251 rapid conversion of the accumulated VFAs to CH4. well, as shown in Figure 5 , which uses the parameters in Table 4 . The model fit for ratio 3.0 292
is not as accurate, due to the ultimate methane production value being estimated from 293 projected saturation rather than an observed value. For ratio 3.0, the model fit the data 294 well through day 46. After the time, the experimental rate of methane production began to 295 slow, while the modeled production rate continued to increase. increases in bicarbonate alkalinity and pH, both of which occurred in the 3.0 ratio at the 327 end of 70 days. In fact, there was an abundance of NH3-based alkalinity for the ratio 1.42, 328 which also correlates with the superior methane production performance at this ratio. On 329 the other hand, the lower final NH3-N for ratio 3.0 may mean that the Food Waste 330 underwent less hydrolysis, atleast to the point of releasing lower NH3-N compared to the 331 other two ratios. 332 The effects of the food-waste-to-inoculum ratio provide insights into the 337 performance of co-digestion with food waste. A high ratio of food waste COD to ADS VS 338 
